antinociception ͉ heterodimers
I
nteraction between and ␦ opioid receptors was first suggested by Vaught and Takemori (1) , who observed potentiation of morphine-induced antinociception by a ␦ agonist. Reports that followed also suggested an interaction between and ␦ opioid receptors and its possible significance in morphine tolerance and physical dependence (2) (3) (4) . Studies with ␦ antagonists have demonstrated that the chronic effects of morphine can be blocked without significantly diminishing its antinociceptive action (4) (5) (6) (7) . Subsequent studies by using antisense oligodeoxynucleotides (8, 9) and ␦ opioid receptor knockout mice (10) have supported these ideas, implicating -␦ interactions in the development of morphine tolerance and physical dependence. More recently, mixed agonist͞␦ antagonist ligands have been designed as an approach to analgesics devoid of these side effects (11) (12) (13) .
It has not yet been reported whether the in vivo synergy between and ␦ agonists is a consequence of direct association between receptors or due to functional modulation involving neuronal circuitry. In view of evidence for -␦ opioid receptor heterodimers in cultured cells (14) (15) (16) , there is reason to believe that similar interactions may occur in vivo. The development of selective ligands that target associated -␦ opioid receptors should help to further delineate the pharmacology of these receptors.
We have designed bivalent opioid ligands that contain agonist and ␦ antagonist pharamacophores to address whether physical interaction between and ␦ opioid receptors is required to attenuate agonist-induced tolerance and dependence in mice. Several studies have suggested that bivalent ligands may bridge associated opioid receptors. Bivalent ligands of opioid alkaloids (17) (18) (19) (20) (21) (22) (23) (24) and peptide agonists derived from enkephalins (25) (26) (27) (28) have been characterized as having increased opioid receptor potency and selectivity when compared to corresponding monovalent counterparts. More recently, bivalent ligands have been used as tools to further characterize ␦ and opioid receptor phenotypes. Specifically, unique bivalent probes that target ␦ 1 -2 heterodimers (29) or associated ␦ 2 -1 opioid receptors (30) have been reported.
Here, we report on the design, synthesis, and biological evaluation of the MDAN (MDAN, -␦ agonist-antagonist) series of bivalent ligands containing a opioid agonist and a ␦ opioid antagonist pharmacophores designed to address the question as to whether and ␦ receptors mediate their actions in a physically associated state. The results of our studies suggest that opioid-induced tolerance and physical dependence are mediated through physical association of and ␦ opioid receptors as heterodimers.
in response to a focused beam of light was recorded. Each animal served as its own control and was used only once. Mice were tested once before injection (control time) and again once after injection (drug time) at the time of peak drug response as determined by pilot time course studies. The light intensity was adjusted so that control times were between 1.5-2.5 sec. A 10-sec cut-off drug time was set to minimize the risk of tissue damage. Percent maximum possible effect (%MPE) was calculated as: [(drug time (sec) Ϫ control time (sec))͞(10 sec Ϫ control time (sec))] ϫ 100 ϭ %MPE.
Graded dose-response curves of at least four doses with at least eight mice per dose were generated from the %MPE data. ED 50 values with 95% confidence intervals (C.I.) were computed with GraphPad PRISM by using nonlinear regression methods.
Chronic i.c.v. Infusion. Osmotic minipumps (model 1003D, Alzet, Durect Corp. Cupertino, CA) were filled with saline or the drug solution to be tested. The dose of each drug was 12 times its ED 50 ͞h. These doses were based on methods previously developed in our laboratory for chronic i.c.v. infusion of morphine in mice (33) . The minipumps were connected by a 1.6-1.8 cm length of PE-60 tubing to a 3-mm-long cannula (osmotic pump connector cannula, Plastics One, Roanoke, VA) and primed in sterile saline at 37°C overnight.
For pump implantation, mice were anesthetized with Avertin [2,2,2-tribromoethanol (370 mg/kg, i.p.)͞t-amyl alcohol (0.16 mg/kg, i.p.)]. The scalp was shaved, an incision was made along the midline, and the skull was scraped clean of periosteum. Hemostats were used to make a pocket under the skin between the shoulder blades. A micro drill was used to drill a hole Ϸ1.6 mm lateral and 0.6 mm caudal to bregma. The minipump was placed in the pocket between the shoulder blades, the cannula was inserted through the drilled hole into the lateral ventricle, and the cannula pedestal was affixed to the skull with cyanoacrylate glue. The animals were allowed to recover on a heating pad and were returned to their cages in the animal facility for 3 days.
Testing for Dependence and Tolerance. On the fourth day after implantation of the minipump, mice were injected with naloxone (1 mg͞kg, s.c.) and placed into Plexiglas cylinders for 10 min (34) . The number of vertical jumps were counted as withdrawal signs, indicating development of physical dependence. Wet shakes were also observed in some animals but were not recorded.
The minipumps were then removed, and mice were returned to their home cage for 4 h. To test for development of tolerance, animals were then injected i.c.v. with the test drug into the contralateral cerebroventricle and antinociception was measured with the tail-flick test at the predetermined time of peak drug activity.
Statistical Analyses. ED 50 values were considered significantly different when the 95% C.I. intervals did not overlap.
Synthesis and Characterization. Preparation and characterization data for all of the compounds are published as supporting information, which is published on the PNAS web site.
Results
Rationale for Ligand Design and Chemistry. The pharmacophores (1 and 2 in Fig. 1 ) chosen for the MDAN series incorporate the opioid agonist oxymorphone 1 (35) and the ␦ opioid antagonist naltrindole (NTI) 2 (36), linked through a variable length spacer. The NTI pharmacophore was selected because of the report that ␦ opioid antagonists suppress tolerance and dependence without a substantial diminution of efficacy (5) . The spacer features a central diamine flanked by adjacent diglycolic acid moieties. To determine whether spacer length affects the antinociceptive potency of our bivalent ligand series, compounds 3-8 (MDAN series) were acutely evaluated after i.c.v. administration to mice. These bivalent ligands were all less potent than the monovalent ligands 9-13 (MA series) ( Table 1) . Increasing the distance between the and ␦ pharmacophores of the MDAN ligands was associated with increased antinociceptive potency. In contrast, acute administration of the monovalent compounds (MA series) revealed that the spacer length did not affect potency. It should be noted that the ED 50 values of the MA compounds were not different from that of oxymorphone. Coadministration of MA-19 and DN-21 produced an antinociceptive effect that was similar to that of MA-19 administered alone.
To determine whether pretreatment with the ␦ antagonist NTI could modulate the potency of the bivalent ligands, mice were pretreated with NTI (50 pmol, i.c.v.) 10 min before administration of MDAN-16, -19, or -21 ( To investigate tolerance and dependence associated with the MDAN bivalent ligands, we performed chronic i.c.v. administration studies. The compounds of interest were administered i.c.v. via a cannula by using an osmotic minipump for 3 days as described in ref. 33 . After this time period, withdrawal was measured by administering naloxone (1 mg͞kg, s.c.) and counting the naloxone-precipitated ¶ MA-18 was never synthesized because the data showed that all the other monovalent compounds had similar potencies (Table 1) . jumps for 10 min. Tolerance was determined after the compound was infused for 3 days and determining the chronic ED 50 value at that time.
Results obtained after chronic i.c.v. drug administration are shown in Table 3 . Morphine was tested for comparison purposes and showed a 6-fold increase in ED 50 value (development of tolerance) and robust physical dependence (100 naloxoneinduced jumps in 10 min). Chronic i.c.v. infusion with MDAN-16 produced a 2.6-fold increase in antinociceptive ED 50 value and fewer naloxone-induced jumps. Similarly, 3 days of i.c.v. infusion with MDAN-17 or MDAN-18 resulted in 3.6-and 3.7-fold increases in ED 50 values, respectively. However, few naloxoneinduced jumps were observed in these animals. When mice were infused i.c.v. with MDAN-19, -20, or -21, the ED 50 values were not different from those found after acute administration and naloxone administration did not induce a significant number of vertical jumps. Thus, development of tolerance and physical dependence depended on spacer length, with the shortest spacer ligands producing both the intermediate spacer ligands producing tolerance without physical dependence and the longest spacer ligands producing neither.
After chronic i.c.v. administration of the monovalent agonist MA-19, a 5.5-fold increase in the ED 50 value was observed and naloxone precipitated 83 jumps (Table 3) . These results are similar to those seen in mice after i.c.v. morphine treatment. Chronic coadministration of MA-19 with the ␦ monovalent antagonist DN-20 in a 1:1 equimolar ratio produced an 8.9-fold increase in the ED 50 value and 29 naloxone-induced jumps. Thus, the agonist monovalent ligand, in the presence or absence of the ␦ antagonist monovalent ligand, produced both tolerance and physical dependence.
To determine whether the compounds were active after systemic administration, MDAN-21, MA-19, and morphine were administered i.v. Results in Table 4 show that MDAN-21 was Ͼ50-fold more potent and MA-19 was 100-fold more potent than morphine when administered either i.c.v. or i.v. Thus, the i.v.͞i.c.v. ratios for the three compounds were similar, suggesting similar access to brain opioid receptors. NTI was administered i.c.v. 10 min before each compound, and tail-flick response was measured at the time of peak compound antinociceptive activity.
Discussion
The history of the interaction between and ␦ opioid receptors spans a period of Ͼ25 years and, until recently, the nature of this interaction has remained elusive. Although converging lines of evidence from studies of coexpressed receptors (14-16) in cultured cells have provided evidence for physical interaction between and ␦ receptors arising from their association as heterodimers, there have been no conclusive reports establishing such association in vivo. A key obstacle to achieving this goal has been the unavailability of ligands that selectively recognize -␦ heterodimers.
We have recently reported on ligands that selectively target ␦-heterodimers that are localized in the spinal cord (29, 37) . Here, we describe an extension of this approach for the design of bivalent ligands that target -␦ heterodimeric opioid receptors in the brain. The principal features in this design were based on the use of and ␦ selective pharmacophores that are tethered to each other through a spacer. The pharmacophores were derived from the agonist, oxymorphone, and ␦ antagonist NTI. The rationale for using this combination of pharmacophores was based on the presumed physical interaction between and ␦ receptors that is characterized by the ability of NTI to block tolerance and physical dependence without seriously compromising antinociceptive activity (5) .
A key feature of the present approach was to vary the spacer length of the bivalent ligand. We hypothesized that a transition in the behavioral pharmacology as a function of spacer length might reflect bridging of a -␦ heterodimer by the bivalent ligand. In this connection, changes in tolerance and physical dependence as a function of spacer length could be a manifestation of bridging if the mechanisms leading to tolerance and dependence are mediated at the molecular level of the opioid receptors. For example, a bivalent ligand with a short spacer incapable of bridging and ␦ recognition sites in the same heterodimer would be expected to produce greater tolerance and͞or dependence than a congener with a longer spacer capable of bridging.
Initial testing involved acute studies to define the relationship between the spacer length of bivalent ligands 3-8 (MDAN-16 to -21) and antinociceptive potency via i.c.v. administration (Table  1) . Monovalent ligands 9-13 (MA-16 to -21), containing the oxymorphone pharmacophore with matched spacers, also were tested to determine whether a change in spacer length influences agonist potency. In this regard, no agonist potency change as a function of spacer length was observed, and members of the MA series were substantially more potent agonists relative to the corresponding members of the MDAN series. In view of the absence of any change in potency in the MA series, it appears that the 22-fold potency increase in ascending the MDAN series may be related to receptor-related interactions rather than to bioavailability factors. For the MDAN series, a combination of factors may contribute to the observed change in potency as a function of spacer length. These factors include suboptimal bridging of a heterodimer when the spacer is short (e.g., MDAN-16) and greater opportunity for multiple modes of bridging with longer spacers (e.g., MDAN-21).
One possible mechanism that explains why the monovalent ligands are more potent than the bivalent ligands is negative allosteric cooperativity. It has been postulated previously that associated opioid receptors may be allosterically coupled (38, 39) . Through such a mechanism, NTI could negatively modulate the opioid receptor component of a -␦ heterodimer, leading to lower potency of the bivalent ligand relative to the monovalent ligands. Therefore, we investigated the effect of the ␦ antagonist, NTI, on the acute agonist potency of MDAN-16 (3), , and MDAN-21 (8) . The rationale for this study was based on the idea that NTI would displace the bound MDAN ␦ antagonist pharmacophore when in the bridged state, thereby facilitating dissociation of the heterodimer into its monomers (or homomers). Such a change should be characterized by enhanced agonist potency of the bivalent ligand in the presence of NTI as a consequence of the dissociation of the heterodimer into monomers due to a change from a bridged to univalently bound MDAN ligand. This change would relieve the opioid receptor from the negative allosteric effect of the ␦ opioid receptor (Fig. 3) .
The results of such experiments (Table 2) revealed that NTI enhanced the potency of MDAN-19, whereas no potency increase was observed with the corresponding monovalent ligand MA-19 in the presence of NTI. This difference could be explained by the aforementioned model given that the monovalent ligand does not have a ␦ antagonist pharmacophore to negatively modulate its activity. It can be noted that the agonist potency Table 3 ). The absence of tolerance was most likely related to the tethering of the pharmacophores rather than to the presence of a mixture of univalently bound pharmacophores because a high degree of tolerance was produced by a mixture of monovalent ligands (coadministration of . The most likely explanation why the ␦ antagonist pharmacophore of DN-20 did not lead to a decrease in tolerance and dependence when coadminstered with MA-19 is as follows: If the receptors are organized as heterodimers, the ''effective'' concentration of the ␦ pharmacophore at the ␦ opioid receptor for the bivalent ligands (with spacers of optimal bridging length) should be significantly greater than when the two monovalents (MA-19 and DN-20) are coadministered. This phenomenon is due to the close proximity of the tethered pharmacophore to its associated receptor when the first pharmacophore of the bivalent ligand is in a univalently bound state. The distance requirement between the pharmacophores in the MDAN series for the blockage of tolerance strongly implicates the involvement of associated -␦ opioid receptors in opioid-induced tolerance. This conclusion is also consistent with the report that suggests physical association between and ␦ opioid receptors may modulate receptor function (16) .
The relationship between physical dependence and spacer length in the MDAN series, as evaluated by naloxone-induced jumping, showed a different profile from that of tolerance. In this regard, the bivalent ligand with the shortest spacer, MDAN-16, produced some dependence, whereas the remaining members of the series with longer spacers were essentially devoid of dependence. The divergent spacer length requirements for the blockage of tolerance and dependence suggest different bridging modes between and ␦ recognition sites and may reflect different underlying mechanisms for these processes. This finding is consistent with reports that suggest different mechanisms may mediate development and expression of opioid-induced tolerance and dependence (41) (42) (43) , and, in one case, it has been reported that different second messenger systems may be involved in the two phenomena (42) . More work is necessary to elucidate the mechanisms involved.
When the spacer length was longer than 22 Å (MDAN-19 to -21), neither tolerance nor dependence were observed, which is in harmony with the idea that these bivalent ligands bridge neighboring and ␦ opioid receptors effectively. But why does bridging of the -␦ heterodimer suppress tolerance and dependence? A possible explanation is that the -␦ heterodimer is the fundamental signaling unit that mediates tolerance and dependence through specific signal transducer(s) that recognize and couple to the heterodimer but not receptor monomers͞ homomers. The finding that ␦ receptor knockout mice do not become tolerant is consistent with this concept (10) . Given our results, it appears reasonable that bridging -␦ heterodimers by MDAN ligands would negatively modulate such putative transducers, thus reducing tolerance and dependence.
In view of the high opioid agonist potency of MDAN-21 and its absence of tolerance and physical dependence, we determined its i.v.͞i.c.v. potency ratio and compared it to that of morphine to estimate its relative ability to penetrate the brain. The data revealed that MDAN-21 was 50-fold more potent than morphine, whereas the i.v.͞i.c.v. potency ratio was identical (Ϸ40, Table 4 ). These results suggest that the parenteral bioavailability of these compounds are similar. Given its much higher potency and its inability to produce tolerance and physical dependence in mice, MDAN-21 offers an approach for the development of potent, bioavailable analgesics devoid of these side effects. Model for negative modulation of antinociception by bivalent ligands. The inactive (1) and active (2) states of the -␦ heterodimer are in equilibrium with each other. Univalent binding of the agonist pharmacophore of the bivalent ligand to the opioid receptor recognition site leads to state 3. Bridging with concomitant transformation of the ␦ receptor to the antagonist state negatively modulates the receptor (4). Displacement of the ␦ antagonist pharmacophore of the bridged bivalent ligand by NTI disrupts tethering of the and ␦ receptors, thereby facilitating dissociation (5) . This model envisages the heterodimers to be either in an active or inactive state but not in a mixed state, except when the associated receptors are held together by the bridged bivalent ligand.
